Introduction 48
Some metal-reducing bacteria, such as those from the Geobacter and Shewanella genera, 49 have extracellular electron transfer pathways that can route electrons across the cell membrane to 50 alter the redox state of exogenous metals. This extracellular metal reduction by microorganisms 51 plays a key role in microbial-driven mineral transformations (1) and can be used to drive 52 nanoparticle synthesis under mild conditions (2, 3) or alter the phase of metals for 53 bioremediation (4) or biomining (3). The ability to modulate extracellular electron transfer then 54 offers the opportunity to dissect and control these processes. For example, systematically varying 55 the rate of extracellular electron transfer should allow synthetic control over the number and size 56 of nanoparticles and should elucidate the role of redox kinetics on mineral transformation. 57
However, the sparse availability of genetic tools in metal-reducing bacteria and the multiple 58 overlapping pathways for extracellular electron transfer make it challenging to modulate electron 59 transfer and/or introduce other functions of interest. In response to this challenge, we (5-7) and 60 others (8-10) have taken the complementary approach of engineering portions of extracellular 61 electron transfer pathways into the well-studied industrial microbe Escherichia coli (11). While 62 this work has shown that the Mtr pathway can route electrons to extracellular metal oxides (6), 63 the low electron flux and the inability of cells to maintain biomass using solid minerals as the 64 terminal electron acceptor has hampered the use of these strains for applications such as 65 nanoparticle synthesis and bioremediation (7). 66
Since the extracellular electron transfer pathways of Shewanella oneidensis MR-1 have 67 been extensively studied at the molecular level (12, 13) , they have provided the basis for these 68 engineering efforts ( Figure 1A) . When S. oneidensis is grown under metal-respiring conditions, 69 reducing equivalents from oxidation of electron donors are directed to the menaquinol pool and 70
We next characterized the expression and localization of each cyt c to validate each 117 strain. Proteins from whole cell extracts were resolved by SDS-PAGE, and heme c containing 118 proteins were identified by enhanced chemiluminescence (ECL) analysis. These whole cell 119 extracts show that the MtrA and MtrC proteins in all the strains containing mtrA and mtrC, i.e. 120 the cymAmtrA, mtrA, mtr, and cymAmtr strains, are full-length (35 kD and 76 kD, respectively; 121 Figure 1B ). The cymA strain also clearly shows a band corresponding to full length CymA (18 122 kD, Figure 1B) . While difficult to discern by eye, densitometry analysis of the ECL 123 demonstrates the CymA band is also present in the two other strains containing cymA, the 124 cymAmtrA and cymAmtr strains ( Figure 1C ). ECL analysis of fractionated cells shows CymA, 125 MtrA, and MtrC in E. coli are localized ( Figure S1 ) as they are in S. oneidensis (33) (34) (35) . Lastly, 126 diffuse reflectance spectroscopy of all these strains under oxidizing and reducing conditions 127 showed characteristic changes in the α-and β-bands, indicating that the cyt c proteins are redox 128 active. Thus, each strain expresses its respective redox active, full length and correctly localized 129 cyt c. 130
To characterize the concentration range of cyt c that could be expressed, we increased the 131 promoter activity (as defined in (5)) in mtr and cymAmtr strains via IPTG induction (SI Table 1 ) 132 and measured the total heme c content in these cells using diffuse reflectance as described 133 previously (5). In brief, diffuse reflectance measures absorbance of visible light with limited 134 scattering, thus allowing quantitative measurement of the α-bands in whole cell suspensions 135 ( Figure S2) . From these spectra, we can determine the concentration of heme c, and thus infer 136 relative abundance of electron conduits in whole cell suspensions. From the 0 to 0.37 promoter 137 activity, the cyt c concentration in the mtr and cymAmtr strains both increase ~5-fold (Figure  138 1D). The maximum heme c measured in mtr and cymAmtr strains are 140 and 106 μM heme c 139 OD 600nm -1 , respectively ( Figure 1D) , which is about half the total heme c content of S. oneidensis 140 when grown under the same conditions (228 μM heme c OD 600nm -1 ). ECL analysis shows that the 141 relative abundance of each cyt c within a strain is very similar across different induction levels 142 (Figure S3 ), indicating that induction boosts the abundance of each cyt c rather than a single cyt 143 c. Thus, tuning the promoter strength via induction allows us to vary the number of electron 144 transfer proteins in the mtr and cymAmtr strains. 145
Fe(III) citrate reduction and cell survival are improved by co-expression of CymA. 146
Previous work by Schuetz et al. (9) Figure S4) . The lysed mtrA sample reduced at a 157 similar rate as the ccm strain ( Figure S4 ), demonstrating cell lysis is not a major contributor to 158 Fe(III) citrate reduction in this system. While the mtrA strain reduced Fe(III) slightly faster than 159 the ccm control, the cymA and cymAmtrA strains increased the Fe(III) reduction rate over the 160 mtrA strain by a substantial ~3-fold and ~4-fold, respectively (Figure 2A) . 161
In these iron reduction assays, the E. coli strains have only D,L-lactate as a carbon 162 source, and the only available terminal electron acceptor for respiration is Fe(III) citrate. 163 Therefore, we hypothesized that aspects which increase Fe(III) reduction would also improve 164 energy conservation and cell survival. Interestingly, while the cell density of the slowest Fe(III)-165 reducing strains, the ccm and mtrA strains, sharply decreased, the cell density of the fastest 166
Fe(III)-reducing strains, the cymA and cymAmtrA strain, stayed the same or slightly increased 167 ( Figure 2B ). Indeed, a direct comparison between the rate of Fe(III) citrate reduction and the 168 linear rate of change of the cell density in CymA-expressing strains ( Figure S5 ) reveals that the 169 iron reduction rate and strain fitness are strongly, positively correlated (Pearson correlation 170 coefficient, R = 0.93). This strong positive correlation strongly suggests that increasing the iron 171 reduction rate in these E. coli strains also improves energy conservation under our experimental 172 conditions. The correlation also suggests that a minimum iron reduction rate (~0.4 mM day -1 , 173 Figure S5 ) is necessary to maintain or increase cell biomass. Taken together, these observations 174 show that even low levels of CymA co-expressed with MtrA are sufficient to improve Fe(III) Figure 3A) . The best reducing mtr strain, mtr 0.37 , showed a 192 statistically significant ~2-fold improvement over the ccm strain ( Figure 3A) . we first monitored current production from the ccm, mtr 0.18 , and cymAmtr 0.18 strains in 217 bioelectrochemical reactors. The working electrode chamber contained cell suspensions in M1 218 media supplemented with 40 mM D,L-lactate, and the counter electrode chamber contained 50 219 mM PIPES buffer (pH 7.4), and was separated by a cation exchange membrane. As expected, the 220 ccm strain, which does not express any S. oneidensis cyts c, produced very low current ( Figure  221 4A). The mtr 0.18 strain did not produce significantly more current than the ccm strain, while in 222 contrast, the cymAmtr 0.18 strain produced an average of ~4-fold more current than the mtr 0.18 223 strain ( Figure 4A ). This increase between these two strains is comparable to the increase in 224 The finding that the number of electron conduits in engineered E. coli is not a strong 264 determinant of Fe 2 O 3 (s) reduction suggests that electron transfer through the Mtr complex is not 265 a rate-limiting step in iron reduction in these strains. To further test this idea, we estimated what 266 the rate of iron reduction in E. coli would be if transport through the MtrCAB conduit were rate-267 limiting. Using our diffuse reflectance data of our best performing cymAmtr 0.001 strain ( Figure  268 1D) and assuming that 90% of the heme c is in MtrCAB complexes (Figure 1B) Lastly, we considered how addition of 5 µM riboflavin affected iron reduction and cell 279 survival in the engineered E. coli strains. We found that riboflavin increased the total amount of 280 reduced iron by 2 and 2.5 fold in the mtr 0.18 and cymAmtr 0.18 strains over those strains without 281 riboflavin added, respectively ( Figure 5A, Figure S8 ). To quantitatively assess the fraction of 282 electrons that reduce via direct contact or flavin-dependent mechanisms, we performed 283 experiments in M1 medium, a trace medium with no riboflavin or casein added (See 284
Supplemental Information), with and without supplementation of riboflavin. We assumed that 285 cultures without riboflavin reduce iron solely by direct contact, while cultures supplemented with 286 riboflavin reduce iron by both direct contact and through a riboflavin-mediated mechanism. This 287 allowed us to calculate the percentage of flavin-dependent iron reduction by comparing the iron 288 reduction in the supplemented and non-supplemented cultures. The resulting percentage of iron 289 reduced in a flavin-dependent process in the mtr 0.18 and cymAmtr 0.18 strains was 72% and 77%, 290 respectively (Supplemental Calculation 2). These percentages closely match the ratio observed 291 in S. oneidensis 26) . This indicates that, like in the native organism, MtrC is able to 292 utilize solid metal oxides as terminal electron acceptors via both direct contact and through 293 flavin-mediated mechanisms. 294 Interestingly, while riboflavin had similar relative effects on iron reduction in both the 295 mtr and cymAmtr strains, it had strikingly different effects on cell growth in these strains. The 296 addition of riboflavin did not statistically change the survival of the mtr 0.18 strain ( Figure S8) . 297
This observation indicates that riboflavin by itself does not support growth under metal reducing 298 conditions. In the case of the cymAmtr 0.18 strain, supplementation with riboflavin allowed the 299 cells to grow, increasing the cfu mL -1 10-fold over the original suspension after 4 days (Figure  300 5B). This cfu increase is temporally associated with an initial period of rapid reduction of Fe(III) 301 in the cymAmtr 0.18 strain but not the ccm strain ( Figure 5C, Figure S9 ). Following this period, 302 the cfu decrease and the increase in Fe(II) concentration slows (days 4-10). After 10 days, the 303 cell density drops below its initial value and the Fe(II) concentration remains constant, even 304 though a large excess of Fe(III) is still present. Given the correlations between iron reduction and 305 cell viability, we suggest that the initial high rate of Fe(III) reduction conferred by riboflavin and 306
CymA is enough to allow the E. coli to conserve energy and grow. However, as the Fe(III) 307 reduction rate in this strain slows, perhaps due to a depletion of energy stores and slow oxidation 308 of lactate, the E. coli can no longer conserve energy and the cell density decreases 309 correspondingly. Eventually, the cell density is so low that there is no detectable change in Fe(II)  310 concentration. This scenario would be consistent with observations in E. coli, Shewanella sp., 311 and other microbes that the respiratory rate is positively correlated with the growth rate (37, 41). 312
The cymAmtr 0.18 E. coli strain generates 200 µM Fe(II) over the course of 10 days, which 313 corresponds to a cell normalized reduction rate of ~8x10 -20 M Fe(II) s -1 cell -1 . Also, this strain 314 can maintain cell density at or above its initial level over this same period, which marks the first 315 time an engineered E. coli strain has been shown to grow under solid metal-reducing conditions. 316 These are significant improvements over previously described E. coli strains capable of solid 317 metal reduction. Additionally, this work strongly suggests that further improvements in 318 extracellular metal reduction will also boost cell growth in these strains. 319
Opportunities for additional engineering of metal-reducing E. coli. 320
The fastest iron reduction rate in the engineered E. coli cultures described here is still ~50 321 times slower than S. oneidensis MR-1 (~8x10 The difference between the electron transfer rates in engineered E. coli and S. oneidensis 334 MR-1 may also arise from the fact that that efficient extracellular electron transfer relies on 335 many processes besides transport of electrons from inner membrane to extracellular acceptors 336 (43). Specifically, extracellular electron transfer also depends on the import and oxidation of an 337 electron donor, transfer of the electrons via intracellular redox carriers to the transmembrane 338 pathway, and adhesion of the bacterium to a metal oxide. Several of these processes are slow or 339 disrupted in the E. coli background used here. For example, the reaction rates of the L-and D-340 lactate dehydrogenases in E. coli are ~10 and ~20-fold slower, respectively, than their 341 counterparts in S. oneidensis (44). Additionally, since the Mtr E. coli are grown aerobically 342 before being introduced into anaerobic metal-reducing conditions, these cells may lack the 343 dehydrogenases and quinones needed to efficiently direct reducing equivalents to the Mtr 344 pathway. Lastly, while Shewanella sp. can rapidly attach to Fe 2 O 3 surfaces (45, 46) , the 345 BL21(DE3) derivatives used in this work are disrupted in their ability to initiate attachment to 346 surfaces because they are non-motile (47). Future work will focus on testing these multiple 347 possibilities to increase the Fe(III) reduction rate and cell growth rates in Mtr-expressing E. coli. 348
Conclusions 349
This work shows that replicating certain features of the electron transfer pathway of S. 350 oneidensis MR-1 are critical for boosting extracellular electron transfer in E. coli, while others 351
are not. Specifically, we found that increasing the number of Mtr complexes did not increase 352 extracellular electron transfer, but the presence of CymA and riboflavin had a significant impact 353 on extracellular electron transfer and viability. Additionally, we show that as the rate of metal 354 reduction in CymA-expressing E. coli increases, these strains gradually transition from rapidly 355 losing biomass to transiently growing under metal-reducing conditions. This knowledge will 356 allow metal-reduction to be more readily introduced into new heterologous hosts. 357
Despite the relatively modest iron reduction in these newest E. coli strains relative to 358 Shewanella sp. or Geobacter sp., the ability of the cymAmtr E. coli strain described here to 359 maintain biomass or, in the presence of riboflavin, grow over limited timescales makes a useful 360 new tool for both basic and applied studies. Since E. coli uses many different electron donors 361 compared to Geobacter or Shewanella, it may provide a more versatile tool for bioremediation or 362 biomining. Also, it is well known that both cell surface structures and metal reduction play a role 363 in formation and transformation of metal-containing solids such as metallic nanoparticles and 364 metal-oxide minerals. The ability of our E. coli strains to reduce solid and chelated Fe(III) with a 365 significantly different cell surface chemistry than Shewanella sp. or Geobacter sp. offers an 366 opportunity to dissect these separate effects (48). Thus, new E. coli strains described herein and 367 those enabled by the design rules described herein, will fuel both basic and applied studies. 368 369
Methods 370

Plasmids and strains. 371
The primers, plasmids, and strains used in this study are listed in Tables S2, S3, and  372   Table 1 , respectively. The ccm (pEC86), mtrA (I5024), and mtrCAB (I5023) plasmids were 373 described previously (6). The cymA (I5040), cymAmtrA (I5052), and cymAmtrCAB (I5049) 374 plasmids were constructed for this work. In brief, these plasmids were constructed using PCR 375 amplification of the genes from genomic DNA of Shewanella oneidensis MR-1 using Pfx 376
Platinum polymerase (Invitrogen), digestion of the pSB1ET2 plasmid and PCR fragment(s) with 377 restriction endonucleases (New England Biolabs), ligation of these fragments with T4 DNA 378 ligase (Roche) and, in some cases, site directed mutagenesis (QuikChange II, Agilent 379 Technologies). Detailed descriptions of the assembly of I5040, I5052, and I5049 can be found in 380 the Supporting Information. After sequence verification, the resulting cymA plasmid and 381 cymAmtrA were co-transformed with ccm into BL21(DE3) to make the cymA and cymAmtrA 382 strains, respectively. In contrast, the mtrCAB and cymAmtrCAB plasmids, were co-transformed 383 with pEC86 into the E. coli strain C43(DE3) (Lucigen, Middleton, WI) to make the mtr and 384 cymAmtr strains, respectively. 385
Growth conditions and medium composition. 386
All strains, unless otherwise specified, were grown in 2xYT medium at 30 °C with 50 μg 387 mL -1 kanamycin; strains containing the pEC86 plasmid were grown with an additional 30 μg mL -388 1 chloramphenicol. Glycerol stocks were used to inoculate 5 mL 2xYT medium, and cultures 389
were grown overnight at 37 °C with 250-rpm shaking. Then, 500 μL of overnight cultures were 390 back-diluted into 50 mL 2xYT medium and grown with 200-rpm shaking for 16 h at 30 °C. 391
When indicated, strains were induced with IPTG at an OD 600nm of 0.5-0.7. IPTG concentration is 392 displayed here as promoter activity defined in Goldbeck, et al (5) . 393
Cell suspensions used for iron reduction assays were resuspended in anaerobic defined 394 M1 medium supplemented with 40 mM D,L-lactate and 0.2% casamino acids. The composition 395 of the M1 medium can be found in the Supporting Information. 396
Subcellular Fractionation. 397
Periplasmic and membrane preparations were performed as previously described (6). 398
Membrane samples were solubilized in a solution of 5% (w/v) Triton X-100, 50 mM HEPES pH 399 7.4, and 200 mM NaCl. 400
Visible spectra of cytochrome samples by diffuse reflectance. 401
The concentration of cytochromes in whole cells was determined by diffuse reflectance 
